Abstract. The critical review and comparison of the different fracture criteria based on Linear Elastic Fracture Mechanics is presented in the paper. The comparison was made on the example of multilayered composite plate with circular delamination made of graphite/epoxy AS4/3501-6 material subjected to biaxial compression. Such structures subjected for compressive loading are mainly exposed for buckling and delamination propagation with the complex form of the gap opening occurs. It requires appropriate selection of the fracture model. It was observed that often used linear models are not able to accurate prediction of the critical loading. Good fitting to the experimental tests was achieved with the use of nonlinear 3D criteria which take into account interaction between particular fracture modes. Presented methodology allow for suitable selection of the multiaxial fracture model for analysis of multilayered composite structures.
Introduction
Composite materials are widely used in many engineering structures. They have excellent engineering parameters such as high strength-to-weight ratio, high stiffness-to-weight ratio, corrosion resistance, etc. They are very useful as structural materials in many fields of technology, including in construction, aerospace and astronautics as the elements of aircraft, missiles, satellites, in the industry of transport by road and rail or in the production of machine parts. However, composite materials are susceptible to delamination damage, mainly due to the lack of reinforcement in the transverse direction and the inherent weakness of their interfaces. Delamination may occur inside the structure of material, what makes them difficult to detect and it may cause substantial loss of the structure's load-carrying capacity. Structures made of laminated composite plates are also vulnerable to other forms of damages such as debonding, interface failure, matrix cracking fiber breakage, transverse-ply cracking, etc. Therefore, the ability to model and predict delamination is very crucial for safe and efficient use of composite laminates, especially in aerospace applications in which they are exposed to changing weather conditions, fatigue loadings or foreign object impacts. Detection and propagation of the delamination can be made using different techniques such as ultrasonic C-scan, methods based on acoustic emission, ultrasonic scanning or Lamb wave analysis [1, 2] .
Delamination is one of the most frequent forms of degradation of structures made of multilayered composite materials at high-cycle fatigue and it can be induced by low-velocity impact, by the structure's free edge effect, by the imperfections, fabrication defects, mismatch between different fiber orientations, object impacts or high stress concentrations from geometrical discontinuities. Generally, delamination can occur at different interfaces, while matrix cracking can also occurs in different lamina. The coexistence of multiple matrix cracks and multiple delamination as well as the complexity of delamination geometry complicate the modelling of delamination damage.
During delamination propagation two stages can be observed. The first stage is related with slight increase of buckling deformation. The second and the final stage typically occurs after 90% of number of cycles to failure and during it the rapid damage growth can be observed and delamination starts growing outside the introduced zone (f.e. by foreign object impact). Delamination in composite plates may lead to local or global buckling [3] , kink band formation or delamination growth. In consequence it can significantly reduce the stiffness and strength of laminate plates. Because of this, the detection of such damages and analysis their influence on the mechanical behaviour of delaminated composite plate become important practical issues [2, 4 -6] .
Multi-Axial Fracture Criteria
The problem of the delamination initiation and propagation can be studied with use of the different techniques. The most popular are methods based on the Fracture Mechanics such as the cohesive zone models or the mixed-mode fracture criteria (MMFC) [7 -10] . The main assumption of the MMFC is that, the delamination between layers can be described by superposition of the three principal forms of the gap opening. The mode I is related to a tensile stress in the normal direction to the fracture surface. The remaining mode II and the mode III are related to the shear stresses acting parallel to the surface crack and perpendicular to the crack front or parallel to the crack front, respectively. Such criteria may be described in the general form called as damage parameter, given below:
where: GI, GII and GIII are the strain energy release rates and GIC, GIIC and GIIIC are the critical strain energy release rates (material parameters).
Application of MMFC requires estimation of distributions of the strain energy release rates G along the delamination front. Further propagation of the existing damage is provided when damage parameter (Eq. 1) exceeds 1. Three types of the MMFC can be distinguished:
 Linear -with linear relation between particular modes (1÷4 in Table 1 ),  Nonlinear -in which failure curve has nonlinear shape (5÷10 in Table 1 ),  Nonlinear -interaction -in which influence between particular modes on their critical values is taken into account in an additional expression (11÷13 in Table 1. ) .
Generally, The MMFC are proposed for the two-dimensional space GI/GIC GII/GIIC of the damage propagation. Some of them may be extended to the three-dimensional space, which also include the third out-of-plane shear mode III of the gap opening [10] . Such 2D and 3D models require fitting their parameters to the experimental tests for particular materials. Some of them can have convex, concave or complex shape of failure curve [7] . There are also one-dimensional models (Whitcomb, Gillespie) which are applicable in specific loading conditions. A variety of the MMFC is caused by different material responses. Moreover, in the structures made of multilayered composite materials the combination of all three fracture modes may occur and some interaction between the particular modes may appear. It results on the shape of the failure curve in GI/GIC GII/GIIC GIII/GIIIC space. Therefore, it is necessary to choose the appropriate model for investigated structure. The example is presented in Figure 1 , in which selected linear and nonlinear MMFC are compared with the multi-axial experimental tests for AS4/3501-6 graphite/epoxy composite [7] . It can be observed, that only a few nonlinear models (such as Exponential K, Hashemi, etc.) can be applied for such materials. The "overshoot" phenomenon (introducing small GII results in slight increase of the maximal admissible GI strain energy release rate), which is characteristic for some composite materials can be described only by a few nonlinear criteria. Such effect cannot be investigated using the linear criteria, or other models (such as Power-Law) which assume failure when at least one of the particular modes achieves the corresponding critical strain energy rate GC. 
Benzeggagh and Kenane
Numerical Model and Results
The selected fracture criteria were compared on the example of multilayered composite plate (with thickness h and length a - Figure 2a) made of AS4/3501-6 graphite/epoxy material. The circular delamination (with radius R) was located at the center of the plate between layers. The investigated structure was subjected to bi-axial compression. The problem was calculated using ANSYS software with the use of SOLID185 solid elements. The release strain energy rates GI, GII, GIII for investigated damage were estimated using the Virtual Crack Closure Technique. The numerical studies were performed for plates with orientation [0/90] of particular layers. The orientation of the layers is given in relation to the x-z local coordinate system (Figure 2a) .
In the investigated example, the mode I was the most dominant form of the gap opening. Both shear modes GII and GIII had significant contribution on the damage parameter (Figure 2b ). Moreover, their values varied along the delamination front. The values obtained using Hashemi 3D model and Exponential K are in good convergence (Table 2. ). The lowest values of the critical loadings and significantly differ from the other one were estimated using the linear mixed-mode criterion. It is caused by inability to fit the failure curve in this model to the experimental tests. 
Conclusions
The performed analysis revealed that in multi-layered composite structures with internal delamination's the complex multi-axial form of the gap opening occurs. In order to proper prediction of the damage propagation in such structures it is necessary to use multiaxial fracture criterion which is fitted to the characteristic of the investigated material. Such model should take into account all particular modes of the gap opening and should accurately describe the failure curve. This fact is very important, because in some composite materials the interactions between particular modes are observed (see Figure 1. ). Because of this, it is difficult to propose one universal model for variety composite materials, and before fracture analysis it is necessary to perform experimental tests. On the other hand linear criteria seem to be not enough precise for such analyses. Summarizing, the most reasonable solution it seems to be using of nonlinear 2D or 3D model which take into account interaction between particular modes (i.e. Hashemi, Exponential K or Benzeggagh and Kenane).
